Abstract: Codon evolution is influenced by an organelle-specific bias existing within cellular compartments. The discovery of evidence that codon evolution is controlled by different factors among nuclei, mitochondria and chloroplasts, indicates the existence of biases based on what we term "organelle biases". In plant chloroplasts and mitochondria, nucleotide substitutions, based on the correlations among nucleotides, were governed by the linear formula, y = ax + b, where y and x represent nucleotide contents, and a and b are constants. In animal mitochondria, with respect to the correlations between each nucleotide, only the correlations between purines (A versus G) or pyrimidines (C versus T) were almost linear, while the other correlations between purine and pyrimidine (A or G versus T or C) were not. However, nucleotide substitutions, based on the correlations of the same nucleotide between complete single-strand DNA and its coding or non-coding region, were always linear, y = ax + b, in any organelle. Linear correlations of the same nucleotide were also obtained between coding and non-coding region DNAs. The present results clearly reveal evidence that genome evolution is governed by universal linear formulas, although different rules are apparently observed in the different organelle fields formed by nuclei, mitochondria and chloroplasts. This report quantitatively demonstrates the existence of factors controlling genome evolution that are expressed by linear formulas.
INTRODUCTION
Traditional molecular biology methods, based on the amino acid sequences of proteins and the nucleotide sequences of nucleic acids, have contributed to our modern understanding of biology, including evolution and phylogeny. These approaches, however, are limited to the analysis of relatively small numbers of the same genes among different species. Recently, however, the development of in silico, bioinformatic approaches has enabled analyses of whole genome processes. By graphical presentation of the ratios of amino acids to the total number of amino acids, or those of nucleotides to the total number of nucleotides, we can readily draw conclusions from large data sets. Based on this concept, we revealed first that the genome is constructed homogeneously, with small units displaying similar codon usages [1, 2] and coding for similar amino acid compositions [2, 3] . We also showed that a gene assembly encoding 3,000-7,000 amino acid residues shows a similar amino acid composition to the complete genome. As this unit size is independent not only of genome size, but also of species, either single or multiple units can be compared not only in the same, but also in different genes or genomes [1] [2] [3] . According this principle, it is possible to directly compare different genomes consisting of different genes.
Although several basic hypotheses to explain codon formations have been proposed [4] [5] [6] , no unified theory has been established. Nevertheless, it has been accepted that biased codon usage is a result of natural selection [7, 8] or *Address correspondence to this author at the Educational Support Center, Dokkyo Medical University, Mibu, Tochigi 321-0293, Japan; Tel: +81-828-86-1111; Fax: +81-282-86-2157; E-mail: kenjis@dokkyomed.ac.jp mutational pressure [9] [10] [11] . We have previously shown, by simulation analysis based on random choices of nucleotide or amino acid residues, that codon formation was initially established under certain controls based on pre-determined amino acid sequences were formed in the absence of codons [12] .
Chargaff's parity rules are universal for all replicating organisms [13] [14] [15] , and the persistence of the second parity rule has been confirmed in a large number of genomes across various taxonomic groups [16] . These results indicate that nucleotide substitutions are strictly controlled by certain forces during biological evolution. However, these rules cannot reflect evolutionary differences among kingdoms. Recently, we showed that codon evolution, from bacteria to Homo sapiens, is governed by linear formulas [17] , and that correlations among nucleotides are also governed by linear formulas in the non-coding region and in the organelle single-strand DNA, as well as in the coding region of nuclear DNA [17] . As nucleotide substitutions in nuclei are expressed by linear formulas, 64 codon usages can be naturally estimated from just one nucleotide content in the genome [17] . Based on these results, it is clear that nucleotide substitutions, which can be expressed by linear formulas, are controlled by certain rules. Therefore, the present study was designed to determine whether any nucleotide substitution is controlled by universal rules, not only in nuclei but also in mitochondria or chloroplasts.
METHODS
All genomic data were obtained from GenomeNet (http://www.genome.ad.jp) and codon usages were obtained from the Kazusa DNA Research Institute (http://www.kazu sa.or.jp/codon). All gene and genome DNA sequences were obtained from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih. gov/sites). Amino acid compositions and nucleotide contents were calculated on a personal computer, as described previously [17] [18] [19] . Nucleotide contents in the coding sequence, excluding RNA genes, were calculated from all genes contained in the complete mitochondrial and chloroplast genomes, and those in the noncoding sequence, including RNA genes, were obtained from the subtraction of nucleotides in the coding sequence from the complete mitochondrial and chloroplast single strand DNAs throughout this study. Genes located in both forward and reverse (without conversion) strands were used. Based on these procedures, a complete genome is assumed consisting of two huge molecules which represent a coding and a non-coding sequence. Figures calculated from nucleotide sequences exclude intra-strand deviations, and all organisms or organelles are compared with each other based on inter-species deviations. All calculations were performed using Microsoft Excel 2003. The amino acid order on the radar chart is based on the elution order of each amino acid from HPLC [20] . Statistical analysis was done with Excel 2003.
RESULTS AND DISCUSSION

Codon Usages and Amino Acid Compositions
In the present study, 97 chloroplasts, 49 plant mitochondria and 105 animal mitochondria were examined (Additional data file 1). Plasmids coding for more than 3,000 amino acid residues showed similar amino acid compositions to their parental nuclei in bacteria and archaea [18] , as shown in Fig. (1) . This evidence clearly indicates that nucleotide substitutions in nuclei occurred synchronously between parental nuclei and their plasmids during biological evolution. This also suggests that plasmids are derived from their parental nuclei. On the other hand, plant cells have characteristic DNAs in nuclei, chloroplasts and mitochondria. In Oryza sativa (rice), codon usage patterns and amino acid compositions differ among the DNAs of the three organelles, as shown in Fig. (2) . GC alternations in codon usages occurred synchronously among these three organelles. However, these differences do not mean that the codon evolution of the three genomes is governed by three different rules, because both chloroplasts [21] and mitochondria [22] are likely to be de- rived from symbiotic relationships during evolution. The amino acid compositions in chloroplasts and mitochondria from two species, Arabidopsis thaliana and green algae (Ostrecoccus tauri), are shown in Fig. (2d) and (2e). Their patterns resemble each other, although high concentrations of Leu and Ile were observed in mitochondria (Fig. 2e) . In both chloroplasts and mitochondria, Ile concentrations reduced in parallel with increases in G or C content at the third codon position ( Fig. 2) , as observed in the complete nuclear genomes of bacteria, archaea and eukaryotes [17] .
Correlations Between Nucleotide Contents in Plant Organelles
Correlations between two nucleotide species in the coding region were examined in chloroplasts and mitochondria in various plant species. The correlation between G and C was expressed by almost the same linear regression line between chloroplasts and mitochondria, as shown in Fig (3) . However, these two lines based on chloroplasts and mitochondria significantly differed from that based on nuclei. Similarly, the correlation between G and either T or A, and that between C and either T or A, were also expressed by linear regression lines with almost the same slopes, but with different constant values on the y axis. For inverse correlations, consistent results were obtained (Additional data file 2). The equations and correlation coefficients obtained computationally are summarized in Table 1 . Almost the same slopes were obtained for the linear regression lines, but there were different constant values on the y axes. These results indicate that nucleotide substitution rates were almost the same among nuclei, mitochondria and chloroplasts, and that the original nucleotide contents differed among them. Thus, nucleotide alternations in the coding region differ between chloroplasts and mitochondria based on the slope and constant values. 
Animal Mitochondria
The codon usages in human nuclei and mitochondria are shown in Fig. (4) . The patterns differ between the two organelles. As presented in Fig. (2) , codon usage patterns are closely linked to amino acid compositions. Amino acid compositions, based on various animal mitochondria, are shown in Fig. (4) . Extremely high Leu, Ile and Thr contents were observed in human (H. sapiens) mitochondria. In our previous studies [1] [2] [3] , a gene assembly coding for 3,000 -7,000 amino acid residues was shown to have almost the same amino acid composition as the complete genome, even though the coding size may differ.
In vertebrate mitochondria, extremely high Leu, Ile and Thr concentrations were observed in salamander, reptile (Eurycea cirrigera), bird (Gallus gallus) and fish (Latimeria chalumnae and Diodon holocunthus). Comparing the shapes of the radar charts, based on Pro, Ala and Thr concentrations, that of the ancient fish, the coelacanth (L. chalumnae), more closely resembles those of salamander and bird compared than those of other fish (D. holocunthus). Those of salamander and bird resemble each other, consistent with the close phylogeny of these species. These results are consistent with the already established phylogenetic concept.
In invertebrate mitochondria, high Phe content, as well as high Leu and Ile concentrations, were observed in Daphnia (Daphnia pulex), insect (Drosophila melanogaster) and worm (Caenorhabditis elegans) (Fig. 4) . These characteristic amino acid composition patterns have never been observed in the nuclear DNA of any organism previously examined [17, 18] , nor in any plant organelle, as described in the present study (Fig. 2) . However, Phe and Ser concentrations were low and, in Dictyostelium discoideum, the Ile concentration was higher than the Leu concentration. The shape of the radar chart based on Lys, Asp, Glu and Ser in D. discoideum differs completely from those of the other invertebrates. This is consistent with differences in coding gene numbers in mitochondria between D. discoideum and the other invertebrates. Thus, it seems that codon evolution in animal mitochondria is governed by different rules to those that exist in the nucleus or in plant organelles (Figs. 2 and 3) . In nuclear DNA, the abundance of some amino acids was correlated to G + C contents [23] , and additionally the amino acid composition coded in the complete genome can be estimated by just a single nucleotide content [19] . Furthermore, it has been shown that codon frequencies are strongly correlated with some amino acid concentrations in nuclear DNA based on the complete genome [24] .
Correlations Between Nucleotides in Animal Mitochondria
To evaluate the rule that controls codon evolution in animal mitochondria, correlations between nucleotide contents were examined in the coding region. The G content was plotted against C, T and A contents, C content was plotted against T and A content, and T content was plotted against A content (Fig. 5) . On these graphical plots, the vertebrate and invertebrate groups were apparently isolated into two different distributions without correlation, and only correlations between C and T and between G and A were seen (linear regression lines not shown) (Fig. 5) . Thus, nucleotide substitutions between purines or pyrimidines seem to be controlled, whereas those between purine and pyrimidine seem not to be controlled. When plant mitochondrial data were simultaneously plotted over animal mitochondrial data, they were localized in the invertebrate group. On the basis of the correlations between C and T and between G and A, three distribution groups, having different regression lines, were obtained. Thus, codon evolution among plant, vertebrate and invertebrate mitochondria took place under different conditions. However, plant and vertebrate groups are distributed within the invertebrate group rather than in three independent groups. Thus, based on the present results, it seems that invertebrate mitochondria possess a mixture of different characteristics.
Correlations Between the Same Nucleotides
Based on GC and AT skews, mitochondria were classified into three groups, and their DNA deviated from Chargaff's second parity rule, while chloroplast genomes shared the patterns of bacterial genomes [25] . Deviations from Chargaff's second parity rule were attributed to the small size of the mitochondrial DNA. Plotting nucleotide contents from the same mitochondrial DNA revealed no correlation between pyrimidine and purine, although linear regression lines were obtained between purines and pyrimidines (Fig.  5) . However, plotting the contents of the same nucleotide between coding and non-coding regions produced linear regression lines in any organelle, including mitochondria ( Fig.  6 and Additional data file 3). These results indicate that any nucleotide substitution is governed by linear formulas. The slope and constant values in the regression line, y = ax + b are shown in Table 2 . Fig. (4) . Codon usage patterns and amino acid compositions. Codon usage (bar) and amino acid composition (radar chart) are expressed as percentages of all codons and amino acids, respectively.
H. sapiens Plotting the content of the same nucleotide in an organelle single strand against that in coding or non-coding region DNA, in chloroplasts and mitochondria (used as comparison), produced linear regression lines. Two lines, based on each organelle, always crossed at almost the same nucleotide concentrations, and significantly differed from each other ( Fig. 7 and Additional data file 4). These results indicate that nucleotide substitutions between chloroplasts and mitochondria are controlled by different rules, even in the same plant. The slope and constant values of the regression lines are shown in Table 3 . In nuclear DNA, the correlations among nucleotide contents in the organelle, coding and non-coding region DNAs were linear [17] . Plotting the content of the same nucleotide in an organelle single strand against that in coding or non-coding region DNA revealed correlations expressed by linear regression lines (Fig. 8 and Table 4) . Similarly, linear regression lines were obtained when comparing nucleotide contents in the organelle, coding and non-coding DNAs, in both chloroplasts and plant mitochondria (data not shown).
Assuming that codon evolution is based on stoichiometric reactions of DNA with certain small molecules, numerous small molecules that change with evolutionary time should exist in each organelle to control time-dependent nucleotide alternations. Such a small molecule has not been identified. It has been reported that evolution is based on neutral mutations [26, 27] . In addition, Sueoka [28] proposed that mutations are not random but occur with a directionality toward higher or lower G + C content of DNA. Asymmetrical directional mutation pressure was observed in mammalian mitochondria [29] . If codon evolution is based on just spontaneous mutation, codon evolution should be governed by the same rules among the nucleus, chloroplast and mitochondrion. However, there are different rules in different organelles. Rapid mutations were observed in animal mitochondria [30] . As codon evolution occurs synchronously over the genome [1, 2, 19] , the effect on DNA should be steady and homogeneous. To satisfy these conditions, an "organelle specific field" existing inside each organelle has been proposed in this study. The fact that completely different codon usages can show almost the same amino acid compositions (Fig. 9 ) strongly supports the existence an "organelle biases". Thus, all organisms show a similar "star-shape" in their cellular [31] [32] [33] and genomic [1, 17, 19] amino acid compositions on the radar chart. With respect to the same nucleotide, the correlations between the single strand and its coding or non-coding regions are linear, even in mitochondria. These results clearly indicate that coding and non-coding regions are strongly linked to each other in nucleotide alternations. Fig. (8) . Correlation of nucleotide contents compared between the complete single strand and its coding or non-coding regions. Red and blue represent correlations between the nuclear complete single strand and its coding or non-coding regions, respectively. Original data are cited from our previous study [17] . On the figure, a and b represent the slope and intercept, respectively, in y = ax + b, and w represents both factors. ** p < 0.01, * 0.05 > p > 0.01. 
CONCLUSION
All nucleotide substitutions in the whole genome are wholly governed by a universal rule expressed by linear formulas based on the same nucleotide in any organelle. All nucleotide substitutions that occur in biological evolution and the substitutions in coding and non-coding regions are strictly linked to each other.
The apparent great divergence to Homo sapiens from bacteria is expressed by linear formulas with small turbulences based on the complete genome in biological evolution [17] . Chargaff's parity rules governing all organisms, expressed by the linear formulas G = C, T = A, T = -C + 0.5 and A = -G + 0.5, completely exclude these turbulences.
Thus, biological evolution seems to be observed as a result of mere nucleotide substitutions based on simple mathematical principles, while natural selection affects species preservation after nucleotide alternations. Therefore, it seems hard to elucidate a direct correlation between genotypic and phenotypic alternations in biological evolution.
ADDITIONAL DATA FILES
The following additional data files are available with the online version of this paper. Additional data file 1 is a list of species examined in the present study. Additional data file 2 shows correlations between different nucleotides in eukaryotes, chloroplasts and plant mitochondria. Additional data file 3 shows correlations between the same nucleotides in a complete single strand and its coding or non-coding regions, in vertebrate, invertebrate and plant mitochondria. Additional data file 4 shows between the same nucleotides in a complete single strand and its coding or non-coding regions, in plant mitochondria and chloroplasts. 
